We fabricated a boron-doped diamond nanowire (BDDNW) electrode via metal-assisted chemical etching (MACE) of Si and electrostatic self-assembly of nanodiamond (ESAND) seeding to provide a large surface area during the electrochemical oxidation process. The effect of nanostructuring of the BDD surface on the electrochemical oxidation performance and the current efficiency of the electrode in phenol were examined. Uniformly covered BDD on nanotextured Si substantially enhanced the electrochemical activity of the electrode. The effective surface area calculated from cyclic voltammetry (CV) was enhanced several times compared to that of a conventional planar BDD electrode. The BDDNW electrode also exhibited greatly enhanced chemical oxygen demand (COD), total organic carbon (TOC) removal behavior, and current efficiency. Furthermore, because of its excellent oxidation performance, the BDDNW electrode also exhibited much lower energy consumption in the phenol oxidation process.
Introduction
Large amounts of industrial wastewater containing toxic and nondegradable organic compounds have recently been discharged into the aquatic environment. For effective remediation of these effluents, some researchers have suggested the use of advanced oxidation processes (AOPs) that mainly utilize hydroxyl radicals (cOH), which are highly oxidative agents.
1
Exploiting the powerful oxidation ability of cOH (E 0 ¼ 2.80 V),
AOPs can nonselectively react and mineralize organic compounds such as phenols, dyes, pharmaceuticals, herbicides and surfactants. [2] [3] [4] [5] Various AOP methods such as the Fenton process, ozonation, photocatalysis, ultrasound and electrochemical oxidation treatments are available for producing cOH. [6] [7] [8] [9] [10] Electrochemical oxidation process are considered the most promising treatment method because of their high efficiency, wide applicability and environmental compatibility.
11,12
In an electrochemical oxidation process, various factors such as the applied current density, electrolytes, pH, operating temperature, initial organic concentration and electrode material can affect oxidation performance. 13, 14 The oxidation efficiency of an organic pollutant during treatment shows an especially strong dependence on the anode material because cOH are directly produced on the surfaces of the anode as a consequence of electrochemical water electrolysis.
11 Several candidates for the anode material, including Pt, IrO 2 , SnO 2 , PbO 2 , glassy carbon (GC) and boron-doped diamond (BDD), have been investigated. [15] [16] [17] [18] Among these, BDD has been widely accepted as the most powerful anode material because of to its extremely high overpotential for the oxygen evolution reaction (OER). 11, 19, 20 Additionally, BDD exhibits weak adsorption characteristics and tends to be chemically inert; consequently, numerous electrochemical wastewater treatment studies have been conducted on various organic oxidation mechanisms involving BDD anodes.
21-23
Although BDD exhibits outstanding electro-oxidation performance, its utilization has thus far been limited to laboratory-scale experiments; its high cost makes it impractical in real wastewater treatment applications. To increase BDD electrode productivity and to overcome the drawback of its high cost, extensive effort has been directed toward achieving improved performance through modication of the conventional BDD electrode. The effect of the boron doping concentration of BDD on the oxidation of an aromatic compound has been studied by Bogdanowicz et al. 24 A higher boron doping level of BDD was observed to lead to changes in diamond crystallites and in the density of the active sites on the surface, resulting in better oxidation performance. The inuence of surface termination of BDD electrodes on organic oxidation has been investigated in several studies. 25, 26 The O-terminated BDD surface obtained via anodic polarization exhibits increased hydrophilicity, resulting in enhanced oxidation power of the anode. Souza et al. investigated the mineralization efficiency of 2,4-dichlorophenoxyacetic acid with respect to the sp 3 /sp 2 ratio in BDD electrodes. 27 They demonstrated that a higher content of sp 3 diamond leads to more rapid oxidation.
Because the quantity of the produced cOH and its mobility mainly depend on the anode material, the surface area of the electrode is a critical factor in determining its oxidation performance. Although many reviews and research articles emphasize the effects of a large surface area of electrodes, only a few studies have focused on the BDD electrode surface area. [28] [29] [30] He et al. fabricated a porous BDD electrode using a porous Ti substrate and demonstrated its electrochemical oxidation treatment performance. BDD pores with dimensions on the order of several tens of micrometers provided a large effective surface area and promoted current efficiency in the decomposition of various organic compounds. Nevertheless, fabrication of BDD on a Ti substrate requires long cooling time at the end of the CVD process because of the large thermal expansion gap and because of the problem of poorer long-term stability compared to that of Si-based BDDs, which results in delamination of the diamond lm from the substrate due to residual stress. 7, 31 Moreover, the porous BDD of He et al. is limited to microsized structures, leaving the corresponding nanostructures, which are expected to exhibit substantially greater surface areas, unexplored.
To date, Si-based BDD nanostructures have been fabricated using various methods, including reactive-ion etching (RIE) of diamond, metal-assisted chemical etching (MACE) of Si, fabrication of carbon nanotube (CNT)-diamond hybrid structures and carbon dioxide activation. [32] [33] [34] [35] [36] [37] However, even though many techniques related to the nanostructuring of the BDD surface have been reported, these structures have only been applied in electrochemical sensor applications, not in electrochemical wastewater treatment processes.
In previous work, we examined the effect of micro-scaled texturing of BDD surface on dye (methyl orange) oxidation.
38
In this work, we demonstrate the electrochemical phenol oxidation performance of nanostructured BDD electrodes fabricated by a simple etching treatment of Si substrates. We achieved a substantially greater surface area of BDD using the MACE process and electrostatic self-assembly of nanodiamond (ESAND) seeding. Nanocrystalline BDDs were deposited onto a substrate with a nanotextured Si surface morphology. BDD nanowires (BDDNWs) were thereby formed, providing a much larger surface area than the microstructure electrode examined in our previous work. 38 We compared the electrochemical oxidation performance of the BDD nanowire and of the conventional planar BDD by examining the cyclic voltammetry (CV), chemical oxygen demand (COD), total organic carbon (TOC) and energy consumption of these two electrode materials in the oxidation of phenol.
Experimental procedure
A p-type Si (100) wafer with 0.005 U cm resistivity was used as the substrate. The Si substrate was cleaned ultrasonically with ethanol and deionized water and subsequently immersed in 1% HF solution for 30 min. For Si surface nanotexturing, the MACE process was conducted in a solution of 4.5 M HF and 0.01 M AgNO 3 . 39 Prior to chemical etching, the Si substrate was immersed in Piranha solution for 1 h to provide a hydrophilic surface. The surface-treated Si substrate was dipped into an etching solution for 5 min at 50 C and then into a 30% HNO 3 solution to remove residual silver dendrites.
To provide a diamond nucleation site, we seeded nanodiamonds onto the Si substrate using the ESAND seeding technique. The conventional planar Si and nanotextured Si substrate were coated with poly(diallyldimethylammonium chloride) (PDDA) to provide a positively charged surface. The negatively charged nanodiamond particles in a poly(sodium 4-styrene sulfonate) (PSS) and nanodiamonds conjugate solution were electrostatically attached to the Si surfaces. Further information on the ESAND seeding method is provided in our previous report. 40 Aer nanodiamond seeding, the planar BDD and BDDNW electrodes were synthesized by using hot-lament chemical vapor deposition (HFCVD) at a substrate temperature of 800 C for 4 h. As the carbon source, 1 vol% of CH 4 in H 2 was fed at a total ow rate of 100 sccm; the diluted B 2 H 6 gas concentration was maintained at [B]/[C] ratio of 5000 ppm in both electrodes. The total chamber pressure was maintained at less than 10 kPa. The BDDNW fabrication processes, including the nanodiamond seeding process, are depicted in Fig. 1 . Aer deposition, the microstructures and electrochemical properties of the BDD nanowire electrode were analyzed. Fieldemission scanning electron microscopy (FESEM, Hitachi S-4300) was used to examine the surface morphology. For Raman spectra analysis, Raman spectroscopy with a 514.5 nm Ar-ion laser was used A potentiostat (Princeton Applied Research, VersaSTAT3) with a three-electrode cell of platinum, Ag/AgCl and a BDD nanowire electrode, representing the counter, reference and working electrodes, respectively, was used for electrochemical analyses.
cOH produced by electrodes was determined by DNPH (2,4-dinitrophenylhydrazine) probe. 41 Constant current density of 30 mA cm 2 was applied in 0.5 M Na 2 SO 4 solution with 5 mM methanol for 10 min. Formaldehyde was produced by reacting with methanol and transformed to a formaldehyde derivative by 20 mM DNPH (200 mL) with 1 M HCl (50 mL). Formaldehyde derivative was measured by Agilent 1260 high-performance liquid chromatography (HPLC) with UV absorbance at 360 nm. To evaluate the bulk oxidation performance of the electrode, we constructed a single-compartment electrolytic circulation cell that operates in galvanostatic mode. The BDD nanowire electrode and a stainless steel plate were used as the anode and the cathode, respectively; the area of both electrodes was 4 Â 4 2 . The target organic compound was 1.0 mM phenol in 0.5 M Na 2 SO 4 electrolyte (500 mL). The current density was xed at 30 mA cm À2 , and the total ow rate was 1 L min À1 . During the 5 hours electrolysis, 2 mL of samples were extracted. Aer electrolysis, the COD (Hach DR-5000), the TOC (Shimadzu TOC-V CPH) and the phenol concentration (HPLC) were determined.
Results and discussion
We fabricated conventional planar BDD and BDDNW electrodes via the ESAND seeding and HFCVD techniques. Fig. 2(a)-( 
carbon. 43, 44 The peaks at 1430 and 1470 cm À1 are related with transpolyacetylene at grain boundaries which are typically observed in synthetic diamond lm. 45 Even though crystalline sp 3 diamond phase portion was decreased, a larger crystal population and additional grain boundaries via surface nanostructuring of BDD would enhance its electrochemical properties, as measured on the basis of its electro-oxidation performance. Fig. 3 shows the electrochemical properties of the planar BDD and BDDNW electrodes. Cyclic voltammograms obtained at a scan rate of 50 mV s À1 in 0.5 M H 2 SO 4 are shown in Fig. 3(a) .
Both planar and BDDNW electrodes exhibit the wide working potentials ($2.3 V) and high OER potentials typically observed for BDD electrodes. The OER potential is important in the electro-oxidation process because the cOH evolution reaction and the OER are competitive reactions. A higher OER potential restrains the oxygen evolution from water electrolysis and produces more cOH on the surface of the anode. Therefore, BDD exhibits a substantially higher electro-oxidation power than other electrodes. 46, 47 The current density of the BDDNW electrode is greater than that of the planar BDD electrode because of the BDDNWs' greater surface area; consequently, the BDDNW electrode should exhibit excellent electrochemical activity toward organic compounds. Increased surface area is also observed in the cyclic voltammograms for the Fe(CN) 6 3À/4À redox couple, as shown in Fig. 3(b) . In the case of the planar BDD, the anodic peak current (I p,a ) and the cathodic peak current (I p,c ) were 1.28 mA and À1.27 mA, respectively. The peak-to-peak separation potential (DE p ) was 0.62 V. However, the BDDNW electrode shows signicantly enhanced I p,a (2.63 mA) and I p,c (À2.38 mA) values and a signicantly reduced DE p value (0.22 V). The lower DE p suggests that the electron transfer kinetics and the electrochemical activity of BDDNW are much better than those of the planar BDD electrode. 48 Additionally, higher peak currents (I p ) indicate a larger effective surface area because the increase of I p is proportional to the effective surface area. Fig. 4(a) shows variation of I p with respect to the square root of the scan rate (v 1/2 ) for the electrodes. Both peak currents show linear relationships, implying quasi-reversible behavior. Under this condition, the effective surface area is proportional to
, as shown in the following equation:
where n is the number of electrons in the redox reaction, A is the electrode's surface area (cm 2 ), D is the diffusion coefficient for the molecules in the solution (cm 2 s À1 ), C* is the concentration of molecules in the bulk solution (mol cm À3 ), v is the scan rate (V s À1 ) and I p is the peak current (A). 49 The calculated effective surface areas of the planar BDD and BDDNW electrodes were 1.61 and 4.78 cm 2 , respectively. Generally, a nanostructured surface exhibits a geometric area enhanced by a factor of thousands compared to that of its 2-dimensional planar surface counterpart; however, the BDDNW electrode exhibits an increase in the electrochemical effective area that is several orders of magnitude lower. Because surface regions that are not fully activated are also present, a large gap between the geometric area and the effective surface area is possible. 50 Even though nanostructuring of BDD leads to only a threefold greater effective surface area, this greater surface area provides a substantially greater number of electrochemical reaction sites and generates cOH in substantially greater quantities, resulting in greater electro-oxidation efficiency. These results are reected in the formaldehyde derivative concentration (Fig. 4(b) ), which has positive relation with the amount of generation cOH.
41 cOH generation rate of BDDNW is always higher than planar BDD for the entire electrolysis time.
To evaluate the electro-oxidation performance, we conducted bulk electrolysis of 1 mM phenol using a single-compartment electrolytic cell with parallel electrodes. Fig. 5 shows a decrease of the COD and the instantaneous current efficiency (ICE) as a function of specic charge amount on the planar BDD and BDDNW electrodes. The ICE for the anodic oxidation of phenol was calculated using the following equation:
where F is the Faraday constant (C mol À1 ); V is the total volume of bulk electrolyte; (COD) t and (COD) t+Dt are the COD at times t and t + Dt (g L À1 ), respectively; I is the current (A), and 8 is the equivalent mass of oxygen. 51 Final COD removal in the planar BDD and BDDNW was 94.4% and 98.9%, respectively. The COD value in the BDDNW at 2.5 A h L À1 was not recorded because of the detection limit (>2 mg L À1 ). COD removal occurred much more rapidly in BDDNW; thus, the COD removal rate in the BDDNW electrode was substantially increased by the nanostructuring of the BDD surface. In the general case, the ICE was maintained at 100% at a high concentration of the organic compound and then exponentially decreased with decreasing concentration because of the depletion of organic compounds near the electrode surface, i.e., mass transfer limitation. 52 He et al. reported that the increased fraction of current efficiency of a microporous Ti/BDD electrode was smaller than they expected because the electrode's surface could not be exploited completely in a mass transport control situation. 53 In our case, the initial ICE values were $40% and $60% for planar BDD and BDDNW, respectively, indicating that a quite low concentration of the organic compound was used in the system. However, the ICE values until a specic charge of 1.5 A h L À1 in BDDNW electrode were signicantly higher than in the case of the planar BDD. In particular, COD removal was completed in only 2.5 A h L
À1
, which is earlier than in the case of phenol oxidation on the microstructured Ti/BDD electrode; thus, BDDNW could remove COD more efficiently even though it operated under masstransfer-limiting conditions. where D(TOC) exp is the experimental TOC variation and D(TOC) theor is the TOC variation theoretically calculated under the assumption that the applied electrical charge is only used for the mineralization reaction. 21 The removal of TOC is typically slower than that of COD because electro-oxidation does not correspond to a direct combustion reaction. As was observed in the case of COD removal, the removal of TOC and phenol were faster in BDDNW. The total removal rates of TOC were 80% and 96.9% for the planar BDD and BDDNW, respectively. The total removal rates of phenol were 79% and 97% for the planar BDD and BDDNW, respectively, meaning that BDDNW produced much more cOH than the planar BDD, which led to a higher derived rate for the complete combustion of phenol into CO 2 . These results are reected in the MCE results (Fig. 6(b) ), which show higher values for the entire electrolysis time, implying that the BDDNW electrode generated larger amounts of cOH during the electrochemical oxidation process. Because electrochemical phenol oxidation performance is affected by various electrolysis conditions such as initial concentration, electrolyte, pH, temperature and current density, the efficiency of BDDNW electrode may be further increased with optimizing process variables in future works.
54,55
Fig. 7 shows specic energy consumption plotted with respect to phenol mineralization. The difference in the required specic energy increases dramatically with increasing the desired phenol mineralization. According to an extrapolation of the data, 27.5 kW h m À3 is required for 80% mineralization of phenol using the planar BDD electrode, whereas only 12.1 kW h m À3 is required using the BDDNW electrode. These results suggest that electrochemical oxidation of phenol using the BDDNW electrode is much more efficient from the standpoint of the economics of the oxidation process.
Conclusions
By using a metal-catalyzed silicon etching process and electrostatic nanodiamond seeding method, we successfully fabricated a BDDNW electrode for electrochemical oxidation processes. The BDDNW electrode exhibited an effective surface area that was three times greater than that of the planar-type BDD electrode; it also exhibited much faster electro-oxidation kinetics. In bulk electrolysis of phenol-containing water, the BDDNW electrode showed much higher COD and TOC removal rates as well as a higher current efficiency. Because of the large effective surface area of the nanowires, the BDDNW electrode generated large amounts of cOH. Despite the mass transfer limitation, the BDDNW electrode exhibited highly improved electrochemical oxidation performance compared to the microtextured BDD electrode investigated in our previous study as well as compared to other microstructured BDD electrodes. Additionally, nanostructuring of the BDD electrode reduced specic energy consumption for 80% mineralization of phenol by a factor of more than 2 compared to the conventional planar BDD electrode. These results indicate that because of the larger surface area of nanostructured BDD, nanostructuring of the BDD electrode may solve the problem associated with the high production cost per unit area of BDD electrodes and can potentially be applied in applications involving real wastewater.
